Microchiroptera have diversified into many species whose size and the shapes of the complicated ear and nose have been adapted to their echolocation abilities. Their speciation processes, and intra-and interspecies relationships are still under discussion. Here we report on the geographical variation of Japanese Rhinolophus ferrumequinum and R. cornutus using the complete sequence of the mitochondrial cytochrome b gene to clarify the phylogenetic positions of the 2 species as well as that of Rhinolophidae within the Microchiroptera. We have found that sequence divergence values within each of the 2 species are unexpectedly low (0.07%-0.94%). We have also found that there is no local specificity of their mtCytb alleles. On the other hand, the divergence values for Japanese Microchiroptera (12.7%-16.6%) are much higher than those for other mammalian genera. Similarly, the values among five genera of Vespertilionidae were 20.5%-27.3%. Phylogenetic analysis shows that the 2 species of family Rhinolophidae in the suborder Microchiroptera belong to the Megachiroptera cluster in the constructed maximum parsimony tree. These results suggest that the speciation of Rhinolophidae involved its divergence as an independent lineage from other Microchiroptera, and other microbats might be paraphyletic. In addition, the tree also shows that the order Chiroptera is monophylitic, and the closest group to Chiroptera is the ungulates.
INTRODUCTION
Bats (order Chiroptera) are one of the most specialized groups of mammals, having acquired an echolocation system with the capacity for powered flight. The order Chiroptera contains about 970 species, and the members represent about one-fourth of mammalian species (Hill and Smith, 1984; Findley, 1993) . The order is also subdivided into Microchiroptera and Megachiroptera based on an array of characteristics including complex laryngeal echolocation systems in Microchiroptera and the enhanced visual acuity in Megachiroptera (Novacek, 1985) . Microchiroptera has many species with diversified ears, noses, wigs and tails, which strongly and effectively affect their echolocation ability, predatory activity, gathering behavior, and adaptation to their environment. Superfamily Rhinolophoidea is classified into four families, Megadermatidae, Nycteridae, Hipposideridae and Rhinolophidae. In particular, from a morphological point of view, members of the Rhinolophoidea have wider and shorter wings than members of other superfamilies and a complicated nasal leaf that is adapted to their insectivorous or predatory activities. About fifteen out of 69 Rhinolophidae species are distributed from the Asian temperate regions to Europe, and they belong to the only family that is well adapted to temperate regions within the superfamily Rhinolophoidea. Like many species of Vespertilionidae, Rhinolophidae shows the adaptation to different temperatures (in this case, to low temperature) via the phenomenon of torpor (Hays et al., 1992 , Ransome, 1990 . In Rhinolophidae, two species of Rhinolophus, R. ferrumequinum and R. cornutus are widely distributed in the temperate regions of Japanese islands (Yoshiyuki, 1989) . Although individuals in the 2 species show morphological variations that follow the law of Belukman, the coat colors within species vary among each local group (Maeda, 1978; Yoshiyuki, 1989) . For example, molecular-phylogenetic analysis suggests that Pipistrellus pipistrellus , which is widely distributed in Europe, should be classified into 2 groups (Barratt et al., 1997) . On the other hand, while Megadermatidae and Hipposideridae are proposed to belong to Microchiroptera, they are suggested to be closely related to Megachiroptera (Teeling et al., 2000) . Therefore, the taxomomy of Chiroptera is still under discussion.
In this study, we addressed two main questions: 1) Are the 2 major species of Rhinolophus ( R. ferrumequinum and R. cornutus ) monophyletic? and 2) What is the relationship of the family Rhinolophidae to the other suborder Microchiroptera? We investigated higher-level molecular phylogeny among the subfamily of Japanese Microchiroptera on the basis of the complete sequence of the mitochondrial cytochrome b gene (mtCytb), because this gene has been used extensively in phylogenic investigations.
MATERIALS AND METHODS
Sampling and preparation of DNA samples We collected 130 individuals of 9 Microchiroptera from 39 localities in Japan, as listed in Table 1 . Genomic DNA was extracted from liver or blood using DNAzol (LIFE TECH-NOLOGIES , Rockville-MD). We also used sequence data of 5 Phyllostomidae species, which are available to the public in a data base; Artibeus cinereus (GenBank U66511), A. concolor (GenBank U66518), Chiroderma doriae (GenBank L28937), C. trinitatum (GenBank L28942) and Platyrrhinus helleri (Van den Bussche et al., 1993: GenBank L28940) .
PCR and sequencing
The approximately 6-kb fragment from the mitochondrial cytochrome b gene was amplified by LA-PCR, using primer set mt122815F and ABmt2053R (Table 2) , which correspond to the sequences of the ND5 and 16S rRNA genes, respectively, based on the complete sequence of the mtDNA for Pteropus dasymallus , Pipistrellus abramus and Rhinolophus pumilus (Nikaido et al., 2001 ). Amplification by PCR was performed according to a standard protocol (Takara). The amplified fragments were purified using a QIAquick Gel Extraction Kit (QIAGEN), and then directly sequenced by an automated method using a Model 377 Sequencer and a Big Dye Terminater Sequencing Kit (Applied Biosystems, Foster City, CA). Sequencing was also performed using primer set CytbF1 and CytR1 (Table 2) , which correspond to the sequences of tRNA Glu and tRNA Thr , respectively, based on the complete sequence of the mtCytb gene for humans (Anderson et al., 1981) , mice (Bibb et al., 1981) and cattle (Anderson et al., 1982) . Other sequencing primers used in this study were: CytbF2 and CytbR8 for Rhinolophus ferrumequinum , R. cornutus ; Pteropus rufus and Rousettus aegyptiacus ; MMF1 and MMR1 for Myotis macrodactylus and M. pruinosus ; USF1 and USR1 for Plecotus auritus , CytbF2 and TER1for Murina leucogaster ; PIF1 and PIR1 for Pip- Table 2 . List of primers for PCR amplification and sequencing used in this study
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istrellus abramus ; CytbF2, and HIR1 for Vespertilio superans ; YBF1 and YBR1 for Miniopterus fuliginosus . The sequences of these primers are also summarized in Table 2 . The nucleotide sequence data reported in this study will appear in the DDBJ, EMBL and GenBank nucleotide sequence databases, with the following accession numbers : AB085701-AB085740.
Phylogenetic analysis
The complete nucleotide sequences of the mtCytb genes were aligned using DNASIS (Windows.version3.2). The sequence data were then analyzed using the distances corrected for multiple hits using Kimura's two-parameter method with the DNA-DIST of PHYLIP (Version 3.5; Felsenstein, 1993) program. We also calculated sequence divergence by the Conservative Nucleotide Substitution (CNS) method established by Irwin et al. (1991) . The distance tree was constructed using the neighbor-joining (NJ) method (Sai- (Swofford, 1998) based on the sequence differences. Only branches supported in more than 50% of the bootstrap replicates (500 replicates) are shown in the tree. Fig. 1 . Neighbor-joining tree constructed with the complete sequences of the mitochondrial cytochrome b genes for 2 Rhinolophus species. This tree was constructed as described by Saitou & Nei (1987) , using the values estimated by the method of Kimura (1980) and it was rooted by using Artibeus concolor as the outgroup. Numbers indicate bootstrap values. 52, 87, 138, 232, 291, 360, 447, 450, 498, 631, 687, 706, 736, 816, 834, 903, 906, 930, 984 and 1,000 . Based on these results, mtCytb of R. ferrumequinum was classified into 11 alleles and that of R. cornutus into 21 alleles (Table 3) . Thirty-two individuals (53.2%) of R. ferrumequinum shared the same allele (A type) and this allele was discovered in nearly all collection localities (15 points). We thus designated the allele as a major type. In regard to the geographic distribution of alleles, the individuals collected from the Kanto district to the Tohoku district were all of the major type. On the other hand, individuals collected south of the Kanto district were polymorphic and 11 alleles were discovered among them. Furthermore, polymorphisms were found within the same location. These alleles, however, were not specific to a particular locality in the area; e.g., the allele discovered in Miyazaki was found both in Tenryu and in Toyohashi. Moreover, of 13 individuals collected from Oshima Island, 11 showed the same allele (B type). Considering that Oshima Island is located near Honshu Island, where all individuals collected showed a monomorphic allele, the population on Oshima Island is suggested to have a genetic composition different from the population on Honshu Island. Their intra-specific sequence divergence was calculated to be 0.07%-0.62% by Kimura's 2 parameter method (Kimura, 1980) . In contrast to R. ferrumequinum , there were 20 alleles in the R. cornutus population. Major alleles were shared in 28.6% of the individuals in the population. Like R. ferrumequinum , no alleles were specific to their collection localities. The sequence divergence within the R. cornutus population was calculated to be 0.07%-0.94%, which is higher than that of R. ferrumequinum . The inter-specific sequence divergence between R. ferrumequinum and R. cornutus was also calculated to be 12.7% on average, showing that the inter-specific genetic divergences were very high.
RESULTS

Intraspecific variation in
We calculated the values of the pairwise-compared sequence divergences. Using these values, we then constructed a phylogenetic tree by the neighbor-joining method (Saitou and Nei, 1987) (Fig. 1) . R. ferrumequinum is systematic-biologically well separated from R. cornutus , as indicated by a significant bootstrap value (100%). The R. ferrumequinum clade was divided into 11 sub-clades, although their topological location was not significant as judged by the bootstrap value (less than 50%). This suggests that the intraspecific variation was unexpectedly very low within the R. ferrumequinum population. We also found that there was no relationship between their locations on the tree and the collection localities; e.g. Tenryu was located very close to Toyohashi, while some alleles found in these localities were distantly related to each other.
Based on the alleles discovered in the 20 individuals of Table 4 . Percentage sequence divergence for the 1140 bp mitochondrial cytochrome b gene sequences, corrected for multiple substitutions (Kimura, 1980) (above the diagonal) and conservative nucleotide substitutions (Irwin et al., 1991) R. cornutus, they were divided into 2 sub-clades with low bootstrap values (66% and 72%). The sub-clade with a 66% bootstrap value contained 6 alleles in the 12 individuals collected, and the other sub-clade had 14 alleles among 36 individuals. Like R. ferrumequinum, no relationship was found between their locations on the tree and the collection localities, suggesting that no cline of mtCytb exists in the 2 Rhinolophus species.
The phylogenetic relationship between Rhinolophidae and other Chiroptera We also determined the complete sequences of mtCytb from 2 Megachiroptera species and 9 Microchiroptera species (Fig. 2 ). There were neither insertions nor deletions in the complete sequences of the cytochrome b genes from all species examined. Based on the sequences, we calculated their sequence divergence by Kimura's 2-parameter method (Kimura, 1980) and Conservative Nucleotide Substitution (CNS) (Irwin et al., 1991 ). Kimura's 2-parameter method showed a higher value than did CNS, although the ratio between their interspecies values was almost equal (Table 4) . Then we constructed a phylogenetic tree for 2 Megachiroptera species and 14 Microchiroptera species by the neighbor-joining method (Saitou and Nei, 1987) (Fig.  2) . Five distinct clades appeared in the tree when Glaucomys volans was used as an outgroup. They were the clade of Vespertilonidae (except for Miniopterus fuliginosus), the clade of M. fuliginosus, the clade of Phyllostomidae, the clade of Rhinolophidae, and the clade of Megachiroptera. The Rhinolophidae in Microchiroptera shared the same cluster with Megachiroptera, but the Rhinolophidae / Megachiroptera cluster was separated from other Microchiroptera clusters such as Vespertilionidae and Phyllostomidae. The clades of Rhinolophidae and Megachiroptera showed high bootstrap values, 100% and 94%, indicating that these 2 groups are significantly separated from each other. This tree also suggested that, in the Vespertilonidae, the clade belonging to Pipistrellus abramus and Vespertilio superans was separated first from other groups, then from the cluster of Murina leucogaster and Plecotus auritus, and lastly from the clade of Myotis.
To elucidate the taxonomic status of Chiroptera in mammalian species, we constructed a maximum parsimony tree by the addition of 16 other mammalian species using PAUP Version 4.0s (Swofford, 1998) (Fig. 3) . We found that the Chiroptera cluster appeared to be monophyletic in the tree. We also constructed other phylogenetic trees such as a neighbor-joining tree, and we obtained similar topology in these trees (data not shown).
DISCUSSION
The geographic and intraspecies variations of Rhinolophus ferrumequinum and R. cornutus We determined the complete sequence of the mitochondrial cytochrome b gene for R. ferrumequinum (61 individuals from 16 collection localities) and for R. cornutus (49 individuals in 14 localities). Eleven alleles were found in R. ferrumequinume and 20 alleles in R. cornutus (Fig. 1) . Sequence divergence values within R. ferrumequinume and R. cornutus were very low (0.52% and 0.77%, respectively), and these values are comparable to those within other mammalian species. The topology of the phylogenetic tree showed no geographical specificity for mtCytb alleles in R. ferrumequinum and R. cornutus when compared with the localities of the populations. This is in striking contrast to other Japanese mammalian species, which clearly show their own geographical specificities Chelomina et al., 1998; Tsuchiya et al., 2000) . Furthermore, we found that no alleles were shared between R. ferrumequinum and R. cornutus, suggesting that, as expected, introgression of the mitochondrial genome has not occurred between these 2 species. Based on present-day taxonomy, there are many endemic species or subspecies of Japanese mammals in Oshima, Mikurazima, Hachizyouzima and Tsushima. However, this is not the case with R. ferrumequinum and R. cornutus because, as we mentioned above, no geographic specificities exist for either species. One possible explanation is that individuals from different species could easily be mixed together because of their flying ability. The flying ability of the Chiroptera differs from that of birds (they can fly only very short distances and at very low altitude), and therefore, they can be strongly influenced by the natural factors in their habitat such as wind, rain, etc. In addition, their natural resting places are caves. Even considering these factors, which are specific to Chiroptera, our results clearly show that genetic exchanges occurred among individuals with different mtCytb alleles. Based on the results, the cytochrome b gene is not a suitable genetic marker for elucidating inter-populational comparisons in these species because of the speed at which base substitutions occur in the cytochrome b gene (one million years /1%; Irwin et al. 1991) . Therefore, it will be necessary to analyze the populations of these species using genetic markers with more rapid base substitution rates, such as the mtDNA control region.
The sequence divergence between R. ferrumequinum and R. cornutus was 12.6% on average. This value is much larger than those estimated in other mammalian species Takada et al., 1997; Schreiber et al., 1999) . On the other hand, a value of 2.5% was obtained by the CNS method (Table 4) . This value was similar to those of the interspecies variation among mammalian species. From these results, we conclude that comparison between the 2 methods is necessary to evaluate divergence values using many other mammalian species (see next section).
Relationships of other Microchiroptera
We also compared here the sequences of the complete cytochrome b gene (1140 bp) from 2 Megachiroptera species and 14 species of Microchiroptera. The neighbor-joining and maximum parsimony trees showed 2 distinct clades (Figs. 2,  3 ). In these trees, 2 species of Rhinolophidae were more closely related to the Megachiroptera than to the Microchiroptera. This result is consistent with previous reports (Teelng et al., 2000; Springer et al., 2001) . We also suggest that the ungulate species, such as Equus, Bos, etc. are relatively close to Chiroptera. These results are consistent with other reports using different molecular makers (Fig. 3) Cao et al., 2000; Madsen et al., 2001; Murphy et al., 2001 ). The relative rate among the inter-genus rates differed greatly between the 2 species of Chiroderma and of Rhinolophus, although the interspecies rates are almost the same. These differences are mainly due to the fact that many mutations occur in the leucine codons of the cytochrome b gene, suggesting that Kimura's 2-parameter method is prone to overestimating the sequence divergence values when inter-genus divergence is compared.
The divergence values between R. ferrumequinum and R. cornutus, and between Myotis macrodactylus and M. pruinosus were 2.5% and 3.9%, respectively, by CNS. On the other hand, the values among 5 genera of Vespertilionidae were 3.5-13.4%. These results clearly show that interspecies and inter-genus sequence divergences are very high when compared to those among other mammalian species and genera (Meyer et al., 1990; Irwin et al., 1991; Honeycutt et al., 1995) . The species belonging to the families Rhinolophidae and Vespertilionidae are specifically evolved taxa that have expanded their distribution from the tropics to the temperate region and they show heterothermy for temperature adjustment by their torpor (Hays et al., 1992; Ransome, 1990) . Our results, however, clearly show that Rhinolophidae differ evolutionarily from other Microchiroptea. Furthermore, from the morphological point of view, the Microchiroptera show very divergent interspecies and intergenetic morphologies, and thus their taxonomic positions have been under considerable discussion. We speculate, from our results, that Chiroptera arose as an independent taxon that diverged from other mammalian species earlier, and that its speciation also occurred in the early period within Chiroptera. In particular, it appears that Rhinolophidae diverged earlier than the other Microchiroptera.
